The austenite grain growth behaviour of microalloyed Al-V-N and Al-V-Ti-N steels has been studied. Estimations of austenite grain size for Al-V-N steels by several different grain growth inhibition models demonstrated that the best match to experimental results can be obtained from Gladman and Rios equations and it is AlN that controls the austenite grain size. The experimental and calculated results indicated that the drag force of plate-shaped AlN particles probably depends on their orientation and austenitising temperature. A modified Gladman model, which considers the effects of complex arrays of different types of particles on the stabilized austenite grain size, can be used to predict the austenite grain size and particle size for an Al-V-Ti-N steel when the combined effect of AlN and TiN is considered.
Introduction
High-strength low-alloy structural (HSLA) steels are very important metallic materials. Their outstanding properties are high strength, resistance to brittle fracture, cold formability, and good weldability. They now have various applications including line-pipe, off-shore structures and the automotive industry. Grains in HSLA steels may coarsen either by normal primary grain coarsening or abnormal grain coarsening. The characteristic features of normal grain growth can be seen in steels without grain refining particles which show a gradual increase in grain size with increasing temperature. 1 2 In the presence of pinning particles however, the grain growth process frequently occurs by the growth of a few selected grains to abnormally large dimensions and other grains will not be able to grow until further particle coarsening has occurred. This type of grain growth is known as abnormal grain growth or secondary recrystallization. Abnormal grain growth can only occur when normal grain growth is inhibited and is particularly likely to occur as the temperature is raised and as the particle dispersion becomes unstable. 5) The abnormal grain growth might occur due to the presence of additional heterogeneities, e.g. in the particle distribution. Where locally, the ratio of the particle size − ) 3 4 − ) r to the volume fraction is larger than the mean value f r f , some grains might start to grow preferentially. This situation of abnormal grain growth is accompanied by an increase in the heterogeneity parameter Z defined as the ratio of the size of a growing grain to the size of the neighbouring grains. 6 7 − ) Although there have been some studies of the effect of carbides and nitrides on the austenite grain coarsening temperature, however, there are still a number of questions pertaining to both the function of Al and Ti in vanadium microalloyed steels and their influence on austenite grain growth, which should be investigated further in order to understand the relative importance of the interaction of V with Al and Ti in microalloyed steels. In addition, the subject of the evaluation of these process is still of interest.
Experimental Procedure
The steels used in the study are four commercial high strength Al-V-N steels and one
Al-V-Ti-N steel whose compositions are given in Table 1 . The specimens were austenitised for 0.5 hour in an argon atmosphere at temperatures between 900 o C and 1200 o C and water quenched, followed by tempering at 650 o C for 2 hours and air cooling to room temperature. A Chromel-Alumel thermocouple connected to a digital millivoltmeter was bound on the specimens and recorded the temperature. transmission electron microscope (TEM), operated at 100 KV, which was interfaced to an EDAX 9100 energy dispersive system. The size of particles were measured either directly on the screen at a suitable magnification or by measuring enlarged micrographs.
At least 200 particles were measured for each specimen to give the mean particle size.
Experimental Results

Austenite Grain Growth Behaviour
The austenite grain coarsening behaviour as a function of temperature is shown in Fig.   1 . Except for the Al-V-Ti-N steel, all other Al-V-N steels clearly show two-stage grain growth. Below a critical temperature range, defined as the grain coarsening temperatures, the change in grain size is very small, while above this critical temperature range the grain size increases with temperature very rapidly. In the grain coarsening temperature ranges there is a duplex structure represented by the cross-hatching in Fig. 1 . This kind of abnormal grain growth in the grain coarsening temperature range is clearly shown in Fig.   2(a) . When the temperatures were higher than the grain coarsening temperatures, the dissolution of precipitates in the steels allows more grains to grow, which is considered to be a normal process (see Fig. 2(b) ). It should be noted that this kind of two-stage grain growth and mixed grain growth behaviour will not be reflected if only the average of the grain size measurement is given. As expected for the Ti free steels, Steel 2 with high Al and N contents possesses the highest grain coarsening temperature, which is about 1100- 
Ti Steel
From the bottom graph in Fig. 1 , it can be seen that compared with the austenite grain size of the other four Al-V-N steels, the Al-V-Ti-N steel has the smallest austenite grain size. Another obvious feature is that in contrast with other Al-V-N steels which followed an abnormal grain growth behaviour, the austenite grain growth of the Al-V-Ti-N steel retains a steady slow growth up to 1200 o , i.e. it has the characteristics of normal grain growth.
C
Particle Sizes and Distributions
The size of VC particles in as-rolled steels were measured and their mean and the number of precipitates per unit area (μm 2 o ) were calculated (see Table 2 ). The average length and width of AlN particles in as-rolled steels were found to be 105 and 49 nm respectively. The size of AlN particles in Steel 2 were measured for each quenched specimen after solution treatment at 900, 1050 and 1150 C . Table 3 and Fig. 3 record the particle size distributions in length, width and radius with the change in temperature. The radius of AlN particle was assumed to equal half of the average of the particle length and width. In general, the particle sizes decreased but the number of particles less than 30 nm in radius increased with increasing temperature. It is interesting to note that there are similar particle size distributions at 1050
o C and at 1150 o C . The latter temperature corresponds to the grain coarsening temperature for Steel 2 (see Fig. 1 ). This may indicate that the process of particle coalescence and dissolution is occurring simultaneously in these temperature ranges. . Table 4 and Fig. 4 demonstrate that the particle size increases slightly from 900 to 1100 due to particle coarsening and then the particle size decreases from 1100 to 1200 o due to dissolution of particles. Because the particle sizes of AlN and TiN in this steel are in same range and their morphologies are quite similar, it was not intended to identify the particles when the particle average size and distribution were determined.
Therefore, the data in Table 4 and 
Discussion
Abnormal Grain Growth
It is usual to distinguish between two kinds of grain growth: normal and abnormal. The conditions for abnormal grain growth can be established in different ways 4) and under these conditions, only the few grains that have the largest size advantage would grow. The final secondary recrystallized grain size would be dictated by the frequency of occurrence of abnormal grain growth, since their collision would then terminate the growth process.
The characteristic features of abnormal grain growth were found in the current Al-V-N steels presented in Figs. 1 and 2(a). It can be seen that fine grains persist up to the grain coarsening temperature, followed by a mixed grain size due to abnormal grain growth. At temperatures much higher than the grain coarsening temperature, significant dissolution of the grain refining particles results in a grain growth process which is again regarded as normal growth. It has been observed that grain-coarsening occurs at temperatures below those required for complete dissolution of the precipitate particles in the steels. This indicates that for a given volume fraction, growth of the particles to a size in excess of the critical particle radius, r , will result in grain-coarsening.
3)
crit A phenomenological relation between steel composition and grain coarsening temperature has been derived from the experimental data for similar Al, V steels. 
The Evaluation of Austenite Grain Size
It has been known for many years that particles can restrain the growth of austenite grains. Several theoretical interpretations of grain growth in particle-containing materials have been put forward. The model developed by Zener produces a simple
between the grain radius R , the particle volume fraction and particle radius f r . He considered that both grains and particles could be approximated to spheres.
Gladman adopted a more realistic approach by considering the pinning force exerted by a single particle on a planar boundary and then derived the driving force for grain 6) growth. An important feature in this model is the ratio of the radii of growing grains to matrix grains, Z .
where Z lies between 2 and 2.
Hellman and Hillert 15) considered the curvature in the grain boundary and introduced into Zener's equation a correction factor β which equalled to 
where β was normally between 1.3 to 1.6.
In recent years, computer modelling has been developed to predict particle-size / grain-size relationships. Hillert compared these models with both two and three dimensional approaches discussed in the literature. He concludes that in three dimensional systems 16) R r f Another model, developed by Elst et al, can be modified to accommodate elongated particles, a bimodal particle distribution and a distribution of grain boundary precipitates.
where β is an increasing function of R r and R E approximated to 0.056~0.067 ( ) r f . 18 ) In the present work an attempt has been made to compare the above equations with experimental data for r , in order to evaluate the austenite grain size for present Al-V-N as-rolled steels, as it was not found to be possible to measure this from metallographically prepared specimens. Calculations based on the stoichiometry indicate that there are two main kinds of particles in the steels, i.e. VC and AlN. Since AlN was precipitated at higher temperatures than VC, the two particle compositions were considered separately. Both the volume fractions of AlN and VC, were calculated from the binary solubility data and the composition of steels, assuming stoichiometry. The data of the particle size are taken from experimental results (see Table   2 ). It was found that when VC particles were considered, the values of the austenite grain size calculated by these equations are much smaller than expected values, and are in the range of 0.02-4.8
μm, even smaller than the measured ferrite grain sizes. However, when considering only AlN particles in the steels, the calculated austenite grain sizes fall into a reasonable range ( Table 5 ). The influence of AlN on grain size was clearly demonstrated for Steel 2 which has high Al and N contents, and the smallest austenite grain size. This is consistent with the results measured for the ferrite grain sizes. Among the four steels 21) examined, the smallest ferrite grain size occurred in Steel 2, which was inherited from the small austenite grain. Because the particle size data used for calculation in above equations was taken from as-rolled steels, which were continuously cooled from the high temperature austenite region to ferrite, it cannot be compared with the results from the austenite grain coarsening experiments, in which specimens were heated to temperatures high in the austenite region and then quenched in water. To evaluate accurately the austenite size for the as-rolled steels after rolling is impossible. However, the austenite grain size in asrolled steels should be similar to the austenite grain size in the low temperature austenite region for the steels in austenite grain coarsening experiments (shown in Fig. 1 ). It is clear from Table 5 , that the Zener equation overestimates the austenite grain size, as indicated in several papers. C (see Fig. 5 ), while those from Hellman and Elst equations are not. Fig. 5 also includes the data from Tweed et al.. The results of the above calculations also indicated that for the present Al-V-N steels, it is AlN as expected, and not VC that controls the austenite grain size for the as-rolled steels. 22) Although there are larger volume fractions of VC with smaller particle sizes in the steels, most VC particles precipitate during cooling in ferrite after rolling which contributes to the dispersion strengthening but is too late to inhibit austenite grain growth. Therefore, from the point of view of controlling austenite grain growth, it is beneficial for vanadium microalloyed steels at the levels of V used in the present work to contain some Al. 
The Evaluation of AlN Particle Size in Al-V-N Steels
In order to examine further the reliability of the different grain growth inhibition models, the AlN particle size was firstly calculated by the different equations for the present steels, austenitised and then quenched between 900 o C and 1200 o C . A comparison was then made between the calculated results shown in Table 6 and the measured results given in Table 3 . The austenite grain size , R , was taken from experimental data shown in Fig. 1 , and the volume fraction of AlN, , for the different austenitising temperatures was calculated from the following equations The volume fraction of AlN, , decreases with increasing austenitising temperature for the four tested steels and obviously there is more AlN in Steel 2 with high Al and N contents than in the other steels. From Fig. 3 and Tables 3 and 6 , it can be seen that with respect to the average radius of AlN particles, the Gladman range. This is consistent with the results obtained for the as-rolled steels calculated above. However, an interesting result is that when the austenitising temperature increases to above 1000 o C , the AlN size required to inhibit austenite grain growth tends to be closer to the average length of the AlN particle than the average radius.
It should be pointed out that all of the above grain growth inhibition models always assume the particle shape to be spherical. However, in high strength low alloy steels, it has been shown that the shape of the precipitate depends on composition. volume. Therefore, the effect of the particle shape is a rather more important factor than the effect of the nature of the particle interface. 24) Concerning the effect of particle shape, for both our experimental and calculated results, it seems that for the present Al-V-N steels, the length of AlN particles plays a more important role at high temperature, as grain boundary diffusion and grain boundary motion are more easy. It is suggested that the average radius of AlN particles is responsible for controlling austenite grain growth in the low austenitising temperature range and the average length of AlN particle in the high austenitising temperature range.
A typical example of AlN particles associated with grain boundaries from Steel 2 at 900 o C and 1050 o C is shown in Fig. 6 .
The Evaluation of Particle Size in Al-V-Ti-N Steels
It is expected that a normal austenite grain growth behaviour will be followed in a Al- 
Using the same method as for the other Al-V-N steels considered previously, six different grain growth inhibition models developed separately by Zener, Gladman, Hellman, Hiller, Rios and Elst were investigated to evaluate the particle size in the Al-V-Ti-N steel. One difference is that for normal grain growth, Hellman and Hillert 15) proposed an alternative equation
A comparison was made between the calculated results respectively for AlN particle size shown in Table 7 , for TiN particle size shown in Table 8 , and the measured results given in Table 4 . The austenite grain size , R , was taken from the experimental data shown in Fig. 1 . The volume fraction of AlN, , and the volume fraction of TiN, ,
for the different austenitising temperatures were calculated from the following
and Tables 7 and 8 , it was found that compared with the experimental data in Table 4 , none of the six grain growth inhibition models can provide satisfactory results when an individual particle size, either as AlN or TiN, was evaluated independently by above models, although the Rios model seems to give close results at low austenitising temperatures but not at high temperatures. This model assumes that the grain growth can be inhibited by an array of different species of particle, each having a volume fraction and a particle radius
In the current Al-V-Ti-N steel, only AlN and TiN particles were considered, thus from equation (19) , this gives 
Considering both AlN and TiN together, the calculated particle size r from equation (21) is given in Table 9 , which indicates that this equation also cannot provide a satisfactory solution.
cal − Careful metallographical observations on polished specimens by optical microscopy using the highest magnification (1000 × ) confirmed that in the steel there are a few coarse orange cubic particles and on replicas in the TEM similar particles of about 0.5 - (23) is very close to the measured particle size (see Table 10 ). The influence of the coarse TiN particle size can be seen when the calculation is undertaken at 1200 cal − r measured o C when the ratios in the denominator of equation (22) (3) Normal austenite grain growth behaviour was followed in the Al-V-Ti-N steel.
None of the above six grain growth inhibition models could provide satisfactory predictions when individual particle sizes, of either AlN or TiN, was evaluated independently by each model. A modified Gladman model, which considers the effects of complex arrays of different types of particles on the stabilized austenite grain size, can be used to predict the austenite grain size and particle size when the combined effect of AlN and TiN is considered. In the general case, both the fine TiN particles precipitated in the solid austenite and the coarse TiN particles precipitated during solidification should be taken into account when the modified Gladman model is employed to predict the austenite grain size.
